Abstract-Functional strength training is becoming increasingly popular when rehabilitating individuals with neurological injury such as stroke or cerebral palsy. Typically, resistance during walking is provided using cable robots or weights that are secured to the distal shank of the subject. However, there exists no device that is wearable and capable of providing resistance across the joint, allowing over ground gait training. In this study, we created a lightweight and wearable device using eddy current braking to provide resistance to the knee. We then validated the device by having subjects wear it during a walking task through varying resistance levels. Electromyography and kinematics were collected to assess the biomechanical effects of the device on the wearer. We found that eddy current braking provided resistance levels suitable for functional strength training of leg muscles in a package that is both lightweight and wearable. Applying resistive forces at the knee joint during gait resulted in significant increases in muscle activation of many of the muscles tested. A brief period of training also resulted in significant aftereffects once the resistance was removed. These results support the feasibility of the device for functional strength training during gait. Future research is warranted to test the clinical potential of the device in an injured population.
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INTRODUCTION
Many patients with stroke, cerebral palsy, and other neurological conditions have significant limitations in walking, and experience limited mobility for the rest of their life. 11, 15, 45 Lack of mobility significantly affects functional independence, and consequently results in greater physical disability. 20 Facilitating gait recovery, therefore, is a key goal in rehabilitation. With the growing elderly population, the prevalence of many of the neurological conditions is expected to increase worldwide, and the need for interventions to address gait dysfunction will grow. 36 Appropriately designed rehabilitation devices can assist in meeting this imminent heightened demand for care.
Task-specific training is recognized as the preferred method for gait training following neurological injury because the motor activity seen in this type of rehabilitation is known to facilitate neural plasticity and functional recovery. 13, 25, 35 However, current task-oriented gait training approaches seldom focus on improving muscle strength and impairment, which are also critical for motor recovery and plasticity. 10, 30, 34 For example, incorporating strengthening exercises into rehabilitation interventions can counteract muscle weakness and improve function in individuals with a wide variety of neuromuscular disorders. 31, 33, 41 Numerous studies have also demonstrated a link between the ability to produce adequate force in the muscles of lower limbs and gait speed following neurological injury. 11, 21 Additionally, resistance training may result in adaptive changes in the central nervous system. 5 However, the benefits of strength training may not translate maximally into improvements in gait function unless the training incorporates task-specific elements. 17 This task-specific loading of the limbstermed as functional strength training-is gaining popularity when rehabilitating individuals with neurological injury. 29, 50 Devices do exist to provide functional strength training during walking. The simplest of which applies resistance by placing a weight on the lower limb. Research indicates that this intervention can increase the metabolic rate of healthy subjects 4 as well as increase power of the hip and knee, and muscle activation during walking in neurologically injured populations.
14 While this method of functional strength training is simple and practicable, it is hindered by a low torqueto-weight ratio: making large resistances unobtainable without excessively large weights. Cable driven devices, such as that created by Wu et al. 48 address this issue by locating the heavy force generating elements (actuators and cable spools) away from the patient. This device resists ankle translation during the swing phase of gait, and studies have found that it can potentially improve step length symmetry 51 and gait speed following stroke. 49 However, methods that resist the user through cables will be difficult to use in over-ground training.
The majority of the existing methods for functional strength training apply resistance to the end effector region of the leg (i.e., foot or ankle). Because of this, the resistance may be irregularly distributed between the hip and knee joints, and compensatory strategies could be promoted as weaker muscles are not specifically targeted in the training. The magnitude of resistance applied to the leg could also change as a function of limb position. Further, the resistance in these applications is usually unidirectional, which would assist movement during certain phases of gait. Bidirectional resistance is possible, but only obtainable with supplementary equipment (additional actuators and cables) and controls that utilize gait detection. For these reasons, providing resistance in the joint space (i.e., across the joint) may be beneficial for training and other biomechanical evaluations. However, making a device that is lightweight and wearable while still providing high bidirectional torque requires a unique approach. Therefore, the goal of this study was to develop a gait-training device that is capable of providing variable levels of resistance across the knee during walking and to test the biomechanical effects of this device on the wearer by studying muscle activation patterns and sagittal plane kinematics during treadmill walking.
MATERIALS AND METHODS
This study consisted of two phases: (1) development of a lightweight wearable device that provides resistance to the leg during walking and (2) evaluation of the effects of that device in a study involving healthy human subjects.
Eddy Current Braking for Functional Strength Training
A device was created with the goal of providing resistance across the joint during concentric flexion and extension of the knee. In order to accomplish this, we created a benchtop viscous damping device in the form of an eddy current disc brake, and later adapted it for a commercially available knee brace (T Scope Premier Post-Op Knee Brace, Breg, Grand Prairie, TX). Eddy current brakes convert kinetic energy into electrical currents with the motion of a conductor through a magnetic field. Eddy currents, which are localized circular electric currents within the conductor, slow or stop a moving object by dissipating kinetic energy as heat, thus providing a non-contact dissipative force that is proportional and opposite to the velocity of the movement (Fig. 1a) . Eddy current braking has been widely used in applications such as trains, roller-coasters, and even some exercise equipment (i.e., stationary bikes); however, to the authors' knowledge, it has not been miniaturized and made wearable for rehabilitation purposes. We selected this method of resistance because it provides a smooth, contact free, and frictionless means of generating loads applied directly to the knee that can further be engineered into a compact and lightweight device.
The most widely studied configuration of eddy current braking is that of a rotational disc. Previous research performed over the past several decades has determined many of the parameters that govern the phenomenon. 43, 47 This work was elegantly summarized by Gosline and Hayward 19 for eddy current braking as it applies to haptic devices (1).
In this equation, resistive torque s depends on the conductivity of the disc material r, area of the disc exposed to the magnetic field A, the thickness of the disc d, the magnitude of the magnetic field strength B, the effective radius of the disc R, and the angular velocity of the disc rotation x, as shown in Fig. 1b . This means that simply changing the area of the aluminum disc exposed to the magnetic field can change the resistive properties of the device.
In the design of our benchtop device, two pairs of permanent magnets (DX08B-N52, KJ Magnetics, Pipersville, Pa) mounted on a ferromagnetic backiron were used to create the magnetic field. Eddy currents were induced within a non-ferrous, 10.16 cm (4 in) diameter aluminum disc (6061 aluminum alloy). Aluminum was chosen as the disc material because it is both lightweight and conductive. The disc was also interchangeable, which allowed us to test the effect of disc thickness (1, 3, and 5 mm) on the resistive torque generated by the device. The device was outfitted with a gearbox (227 g, 2 stage, planetary) (P60, BaneBots, Loveland, CO) with a 26:1 ratio in order to amplify angular velocity of the disc as well as the torque applied to the leg.
The benchtop device was then characterized for its resistive torque profile using an isokinetic dynamometer (System Pro 4, Biodex, Shirley, NY). A custom built jig was used to rigidly attach the device to the input arms of the dynamometer (Fig. 1c) . Care was taken to ensure that the axis of the dynamometer was aligned with the rotational center of the benchtop device. The dynamometer was then programmed to operate in the isokinetic mode, where the input arm rotates at a specified angular velocity (10, 20, 30 , and 45 degrees/s), while the resistive torque was logged using the dynamometer's built-in functionality. Between trials, the area of magnetic field exposed to the disc was set to full exposure, half exposure, or no exposure to cover a range of resistive settings possible with the device. We then exchanged the disc for one of a different thickness and repeated the testing. Five trials were performed at each angular velocity and the average was used in further analysis. After characterizing the resistive properties of the device, we tuned the parameters (magnet size, number, etc.) to optimize wearability while maintaining a high resistance. The device was then fitted to an orthopedic knee brace that can fit across a wide range of patient sizes (5¢ to 6¢7¢¢).The entire assembly weighed 1.6 kg ( Fig. 2 ) and cost about $2100 for fabrication (including the brace).
Human Subject Experiment
During phase two, the biomechanical effects of the wearable resistive device were tested on human subjects during a brief walking exercise under various loading conditions. Subjects (n = 7) with no signs of neurological or orthopedic impairment participated in the study. All experiments were carried out in accordance with the University of Michigan Human Subjects Institutional Review Board. Prior to the experiment, three 19 mm diameter retroreflective markers were placed over the subject's right greater trochanter, lateral femoral epicondyle, and lateral malleolus. Additionally, eight surface electromyographic (EMG) electrodes (Trigno, Delsys, Natick, MA) were placed over the muscle bellies of vastus medialis (VM), rectus femoris (RF), medial hamstring (MH), lateral hamstring (LH), tibialis anterior (TA), medial gastrocnemius (MG), soleus (SO), and gluteus medius (GM) according to the established guidelines (www.seniam.org). 23, 38 The EMG electrodes were tightly secured to the skin using self-adhesive tapes and cotton elastic bandages. The quality of the EMG signals was visually inspected to ensure that the electrodes were appropriately placed. The participant then per- formed maximum voluntary contractions (MVCs) of their hip abductors, knee extensors, knee flexors, ankle dorsiflexors, and ankle plantar flexors against a manually imposed resistance. 23 The EMG activities obtained during the maximum contractions were used to normalize the EMG data obtained during walking.
The EMG and kinematic data were collected using custom software written in LabVIEW 2011 (National Instruments Corp., Austin, TX, USA). EMG data were recorded at 1000 Hz, and the kinematic data were recorded at 30 Hz using a real-time tracking system described elsewhere. 24 Briefly, retroreflective markers placed on the hip, knee, and ankle joints were tracked using an image processing algorithm written in LabVIEW Vision Assistant. A three-point model was then created from the hip, knee, and ankle markers to obtain sagittal plane hip and knee kinematics using the following equations:
where h Hip (relative to the vertical trunk) and h Knee represent the anatomical joint angles, x hip , x knee and x ankle represent the x-coordinates, and y hip , y knee and y ankle represent the y-coordinates of the markers over the respective anatomical landmarks.
Experimental Protocol
A schematic of the experimental protocol is given in Fig. 3 . Testing began by having the subject walk on a treadmill (Woodway USA, Waukesha, WI) at 2 mph. A 2-min warm-up period was provided, after which the subject performed a baseline walking trial (pre-BW) for one minute. The subject then wore the resistive brace (with a marker on its joint axis) on their right leg and performed nine walking trials, with each trial lasting 1 min. A 1-min rest period was provided between each trial. With the device, the subject first performed one baseline walking with no resistance (pre-BWNR) to characterize the transparency of the device. The subject then performed two more baseline walking trials where the device was set to provide either medium (BWMR) or high resistance (BWHR). Following which, the subject performed three target matching (TM) trials where they viewed the ensemble average of their pre-BWNR foot trajectory on the monitor and attempted to match their foot trajectory with the target. The foot trajectory refers to the x-y position of the lateral malleolus with respect to the subject's greater trochanter in the sagittal plane (Fig. 4) , and was computed using a forward-kinematic model that used hip and knee joint angles and the segment lengths of the thigh and shank. 1, 23 The target matching trials were performed for two reasons: (1) matching the template ensured that their hip and knee kinematics were similar to their unresisted baseline walking kinematics and (2) it allowed us to evaluate the feasibility of combining functional strength training with a motor learning task. During the three target matching trials, the resistance was set to low, medium, or high (corresponding to a quarter, half, and full magnetic exposure to the disc) to study the biomechanical effects of the device over a range of resistance settings. These trials were accordingly named as target matching with low resistance (TMLR), target matching with medium resistance (TMMR), and target matching with high resistance (TMHR). Following the target matching trials, the subject repeated the baseline walking with no resistance (post-BWNR) and baseline walking with no device (post-BW) trials. These trials were performed to see if there were any sustained changes in kinematics (i.e., aftereffects).
DATA ANALYSES
Electromyography
The device's effect on muscle activation was evaluated through the changes in EMG amplitude between walking conditions. The recorded raw EMG data were band-pass filtered (20-500 Hz), rectified, and smoothed using a zero phase-lag low-pass Butterworth digital filter (8th order, 6 Hz Cut-off). 23 The resulting EMG profiles for baseline and target matching conditions were normalized using MVC contractions and ensemble averaged across strides to compute mean EMG profiles during each condition (EMG data of soleus muscle from one subject were excluded from the analysis due to electrode malfunction). Gait events were identified using accelerometer data collected from the Trigno TM EMG sensors. Ensemble averages of the gait cycle were then divided into two bins corresponding to the stance and swing phases of gait, and the average EMG activity was computed during each phase. 4. Sample ankle trajectories from a participant while walking on the treadmill under different loading conditions. The trajectories are x-y position of the lateral malleolus with respect to the greater trochanter of the hip in the sagittal plane. Ankle trajectories were computed using a forwardkinematic model that used hip and knee joint angles and the segment lengths of the thigh and shank. The leg's position on the plot corresponds to the mid-swing phase of gait. The pre-BWNR refers to baseline walking with no resistance condition prior to the target matching conditions. The BWMR refers to baseline walking with medium resistance condition. Here, the height of the ankle trajectory (i.e., Ankle Y) was observed to reduce due to torque exerted by the device. The TMMR refers to target matching with medium resistance condition. During target matching, the participant viewed their pre-BWNR trajectory on the monitor and attempted to match their foot trajectory with the target. The TMMR trajectory was very similar to that of pre-BWNR, indicating the participant was able to match the target without any difficulty. Note that for clarity purposes, only three conditions are shown in the figure.
Kinematics
The kinematic data were ensemble averaged across strides and subjects to compute average profiles for each walking condition. The hip and knee excursions during baseline and target matching trials were calculated for each stride and averaged to determine the effect of resistive walking on sagittal plane kinematics, and to test the feasibility of target tracking during resisted walking. The hip and knee excursions during the first ten strides of the initial and final baseline walking conditions (i.e., pre-BW, pre-BWNR, post-BW, and post-BWNR) was averaged to recognize any shortlived aftereffects following the brief training with the resistive brace. Additionally, the instantaneous angular velocity of the knee joint during the target matching trials was calculated to estimate the resistance felt by the knee throughout the gait cycle.
Statistical Analyses
All statistical analyses were performed using SPSS for windows version 22.0 (SPSS Inc., Chicago, IL, USA). Descriptive statistics were computed for each variable and for assessing the results of benchtop testing. Prior to statistical analysis, the EMG data were log transformed (log e EMG) to minimize skewness and heteroscedasticity. 16, 23 To examine the effect of the device on subjects' muscle activation and joint kinematics during baseline walking, a linear mixed model analysis of variance (ANOVA) with trial (pre-BWNR, BWMR, and BWHR) as a fixed factor and subject as a random factor was performed for each muscle during each time bin. 9,16,46 A significant main effect was followed by post hoc analyses using paired t tests with Sˇı´da´k-Holm correction for multiple comparisons to compare resisted baseline walking trials (i.e., BWMR and BWHR) with the unresisted baseline walking trial (i.e., pre-BWNR). To examine the effect of the device on subjects' muscle activation and joint kinematics during target matching trials, another linear mixed model ANOVA with trial (pre-BWNR, TMLR, TMMR, TMHR) as a fixed factor and subject as a random factor was performed for each muscle during each time bin. A significant main effect was followed by post hoc analyses using paired t tests with Sˇı´da´k-Holm correction for multiple comparisons to compare resisted target matching trials (i.e., TMLR, TMMR, and TMHR) with the unresisted baseline walking trial (i.e., pre-BWNR). In order to evaluate the transparency of the device, paired t tests were used to compare differences in muscle activation and joint kinematics between baseline walking with no device and baseline walking with no resistance trials (i.e., pre-BW and pre-BWNR). Paired t tests were also used to compare differences in hip and knee joint excursions during the first ten strides between the pre-baseline and post-baseline walking trials (i.e., pre-BW vs. post-BW and pre-BWNR vs. post-BWNR) to identify significant aftereffects. A significance level of a = 0.05 was used for all statistical analyses.
RESULTS
Benchtop Testing
The results of bench top testing verified that eddy current braking torque scaled linearly with velocity at the speeds used in this study (Fig. 5) . The resistive torque was also proportional to the area of magnetic field exposed to the disc and the thickness of the disc; however, torque appeared to plateau after 3 mm of disc thickness (Fig. 5) . Additionally, the maximum resistive torque attained using this small, portable form of eddy current braking was substantially large (26. 85 N m at 45°per second using a 5 mm thick disc; Fig. 5 ). This observation suggested that the benchtop device was capable of generating a peak torque of about 180 N m during normal gait because the peak angular velocity of the knee during normal gait can exceed 300°per second. 18 This meant that the size and strength of the magnets used in the device, and therefore the weight, could be greatly reduced while still providing sufficient torque for functional strength training. For these reasons, the number of magnetic pairs used for braking was reduced from two to one, while the strength of the magnets was reduced by about half (DX04B-N52, KJ Magnetics, Pipersville, Pa) before fitting the device to the leg brace. The new brake was thus capable of providing about 56 N m of torque during normal gait.
Human Subjects Experiment Electromyographic Changes During Baseline Walking
The muscle activation profiles observed during baseline walking trials are summarized in 
Kinematic Changes During Baseline Walking
There was a significant main effect of trial on knee joint excursion during baseline walking [F(2,12) = 96.327; p < 0.001] with the device; however, no changes were observed for the hip joint [F(2,12) = 0.593; p = 0.568] (Fig. 7) . Post hoc analysis showed a significant reduction in knee joint excursion during resisted walking than during unresisted walking [BWMR: 228.6 ± 8.0°, p < 0.001; BWHR: 237.1 ± 8.3°, p < 0.001].
Electromyographic Changes During Target Matching
The muscle activation profiles observed during target matching trials are summarized in Fig. 8 Post hoc analysis indicated the EMG activity was significantly greater during resisted target matching trials when compared with the unresisted baseline walking for all the muscles tested [p = 0.036 to p < 0.001; Fig. 8 ].
Kinematic Changes During Target Matching
There was a significant main effect of trial on hip [F(3,18) = 6.907; p = 0.003] and knee joint excursions [F(3,18) = 23.420; p < 0.001] during resisted target matching (Fig. 7) . Post hoc analysis showed that the hip joint excursions were greater during the target matching trials (TMMR: 4.5 ± 3.7°, p = 0.003; TMHR: 4.5 ± 3.1°, p = 0.002), but the knee joint excursions were smaller (TMLR: 27.8 ± 5.1°, p = 0.004; TMMR: 212.0 ± 7.2°, p < 0.001; TMHR: 216.4 ± 4.9°, p < 0.001) during the target matching trials when compared with baseline walking with no resistance.
Transparency of the Device During Baseline Walking
The EMG profiles observed during baseline walking with no resistance were relatively similar to those observed during baseline walking without the device (Fig. 6) . However, paired t tests indicated small, but significantly greater activation of the rectus femoris (0.96 ± 1.03%; p = 0.035) and soleus (1.87 ± 1.76%; p = 0.030) muscles during the stance phase, and of the rectus femoris (1.0 ± 1.24%; p = 0.038), tibialis ante-
Plots showing the results of benchtop testing performed on a Biodex isokinetic dynamometer with the eddy current braking device. The torques generated at various velocities were evaluated for discs of three different thicknesses (1, 3, and 5 mm) at three different exposure levels (no exposure, half exposure, and full exposure). As expected, the resistive torque scaled linearly with the velocity of the disc. The resistive torque was also proportional to the area of magnetic field exposed to the disc. The thickness of the disc also scaled the torque; however, torque appeared to plateau after 3 mm of disc thickness.
rior (1.95 ± 1.94%; p = 0.017), and gastrocnemius (1.83 ± 3.64%; p = 0.029) muscles during the swing phase of the gait. There were no differences in hip (36.2 ± 2.8°and 39.1 ± 4.9°; p = 0.15) or knee (65.0 ± 2.5°and 69.6 ± 8.7°; p = 0.08) joint excursions during baseline walking and baseline walking with no resistance trials.
Kinematic Aftereffects of Resisted Target Matching
A brief period of training with the device resulted in significant increases in knee joint excursions during baseline walking with no device (4.2 ± 2.6°; p = 0.005) and baseline walking with no resistance trials (5.4 ± 4.7°; p = 0.023) (Fig. 9a) . Training also resulted in a significant increase in hip joint excursion during the baseline walking with no resistance trial (2.6 ± 1.6°; p = 0.005); however, no differences were observed in the baseline walking trial (20.1 ± 1.4°; p = 0.825) (Fig. 9b) .
DISCUSSION
The aim of this study was to develop a wearable device that is capable of providing resistance across the knee joint for functional strength training of gait. We found that eddy current braking is a feasible option for this application, as our benchtop testing indicated that it can generate the torque required for functional strength training at a relatively small size and weight. Additionally, with the incorporation of a linear slider, we were able to obtain an adjustable resistance that can be regulated based on a subject's impairment level and functional capacity. The results from the human subjects experiment also indicated that the device was largely transparent, as there were minimal alterations in hip/knee kinematics (3°to 5°) and lower extremity muscle activation (<2% MVC). However, once the resistance was added, knee excursions reduced substantially. This was expected because the nervous system is known to optimize metabolic and movement FIGURE 6 . Average electromyographic activity of each muscle during the baseline walking conditions. Traces show the mean ensemble averaged activation profiles (across all participants) during each walking condition, while bars show the average activation during the stance and swing phase of each condition. Note that muscle activation increased for many of the muscles tested. Error bars show the standard error of the mean. Daggers indicate significant differences between pre-baseline walking (pre-BW) and pre-baseline walking with no resistance (pre-BWNR) trials, and asterisks indicate significance of the resisted trials in comparison with the pre-baseline walking with no resistance (pre-BWNR) trial. BW: baseline walking; BWNR: baseline walking with no resistance; BWMR: baseline walking with medium resistance; BWHR: baseline walking with high resistance; VM: vastus medialis; RF: rectus femoris; MH: medial hamstring; LH: lateral hamstring; TA: tibialis anterior; MG: medial gastrocnemius; SO: soleus; GM: gluteus medius. related costs during walking or reaching movements. 3, 37 Interestingly, despite the reduction in knee joint excursions during resisted baseline walking, muscle activation still increased in some of the muscles. More importantly, when subjects performed target tracking to minimize kinematic slacking (i.e., a phenomenon where the motor system reduces muscle activation levels and movement excursions to minimize metabolic and movement related costs 28, 40 ) during resisted walking, the EMG activation increased several-FIGURE 7. Average kinematic data of the hip and knee joints during during baseline walking conditions (top) and target matching conditions (bottom). Traces show the mean ensemble averaged joint angles (across all participants) during each walking condition. Note that knee flexion was greatly decreased during resisted baseline walking, but approached the level of baseline walking without resistance when subjects were given a target matching task. BW: baseline walking; BWNR: baseline walking with no resistance; BWMR: baseline walking with medium resistance; BWHR: baseline walking with high resistance; TMLR: target matching with low resistance; TMMR: target matching with medium resistance; TMHR: target matching with high resistance.
fold in many of the muscles used in gait. Further, the aftereffects observed in hip and knee kinematics after a brief period of resisted target matching suggest that the device may have meaningful clinical potential, albeit further research is required to verify this premise.
The eddy current braking device is unique because it provides bidirectional resistance across the knee joint-as opposed to the endpoint-of the subject's leg. Accordingly, muscle activation during target matching scaled largest around the knee joint. Interestingly, we also found that providing a resistance across the knee elicited increased activity of muscles spanning the hip and the ankle joints. These findings are consistent with previous studies 23 and suggest that performing a motor learning task with the proposed device requires coordinated inputs from multiple muscles in the lower limb. The increased activation of the non-targeted muscles is potentially due to the synergistic and-or biarticular nature of some of the leg muscles (e.g., medial gastrocnemius), and recruitment of these muscles may have assisted in the process of overcoming the applied resistance. 8, 23 The eddy current brake in this study produced large resistive forces when compared to other wearable devices. 44 The estimated resistive torques during the target matching trials ranged between 10 and 45 NAEm (Fig. 10) , which are quite large considering the weight of the device. Also, changes in EMG activation were larger in comparison to those observed during walking with a 4 or 8 kg weight attached to the foot. 4 These results suggest that eddy current braking is a suitable alternative to loading the lower limb muscles during walking. However, it is important to note that subjects reduced their joint excursions during resisted walking. As a result, the changes in muscle activation were subtle during simple resisted walking (i.e., baseline resisted walking): with some muscles showing lower activation. Incorporating a target tracking task effectively minimized the kinematic slacking observed during resisted baseline walking. Further, muscle activation increased several-fold during target tracking trials. These findings emphasize the importance of kinematic feedback during functional strength train- ing, and failure to address kinematic slacking could reduce the effectiveness of functional strength training and promote compensatory movements. The kinematic feedback could also assist in minimizing offplane motions (e.g., increased hip abduction/adduction) because the device in itself does not constrain those movements. In our experience, the device-induced off-plane motions were minimal (<1°) in healthy subjects; however, certain patient populations (e.g., stroke) may behave differently due to abnormal synergistic coupling of motions across joints.
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While testing the clinical benefits of this device was not the focus of this study, the proposed device may have value in physical rehabilitation. Past research indicates that an ideal rehabilitation device should (1) encourage activities specific to daily living, (2) be able to be taken home, (3) have adjustable resistance to meet client needs, (4) have the potential to provide biofeedback to the clients, and (5) cost under $6000. 27 The device in this study meets all these clinical guidelines. Additionally, functional strength training with this device is advantageous because it is not confined to treadmill training. Instead, training can take place over-ground, where the behavior is more specific to tasks encountered during daily living. Appropriate feedback can be administered during over-ground walking in the form of instructor/auditory feedback, 15 ,52 obstacle training, 15 or even kinematic tracking using inertial measurement units. 39 Given that the device is lightweight and portable, it could also be taken home to greatly amplify the dosage of therapy outside the clinical setting or in remote areas where rehabilitative care is not readily available. The device is also inherently safe because eddy current brakes are passive actuators that dissipate energy, as opposed to active motors that add energy to the system-with an active device, if there is a malfunction or error in the controls, unexpected motions could bring serious injuries to the user. Further, the clinical relevance of the device may extend outside of therapy for neurological injury. For example, because thigh muscle strength is critical for adequate lower limb function and quality of life, 7, 12, 32, 42 we believe that the device could be beneficial for many subjects recovering from serious knee injuries, such as anterior cruciate ligament injury or repair, where thigh muscle strength deficits are profound. 26 FIGURE 9. Plots showing changes in (a) knee joint and (b) hip joint excursions following a brief period (4 min) of training with the resistive brace. Note that hip and knee excursions increased after training; however, these aftereffects appear to be short-lived and reduced over time. BW: baseline walking; BWNR: baseline walking with no resistance. FIGURE 10. Data showing resistive torques applied by the device throughout the gait cycle during target matching. Resistive torques were estimated using the velocity profiles calculated from the kinematic data. TMLR: target matching with low resistance; TMMR: target matching with medium resistance; TMHR: target matching with high resistance.
There were many design challenges faced while creating the device. Eddy current braking is capable of providing large levels of resistance, but these are generally coupled with high inertias. 19 This limits the transparency of the device, as the resistive torque is dependent on the thickness, radius, and angular velocity of the disc, all of which increase rotational inertia. For this reason, we used a cable capstan coupling in our initial prototypes, as it allowed for a compact design with zero backlash during torque transmission, which provided a smoother feel to the user. However, the cable capstan was unable to withstand repeated wear. A planetary gearbox not only solved this issue, but also made the device modular (i.e., the gear ratios can be changed if necessary). However, we found that the set screws were prone to back off the gear shaft during repetitive loading. Adding an additional key on the gearing shaft and a through pin to the rotating shaft resolved this issue and kept the interfaces rigid without slipping. Further, by making the protruding arms of the device identical to those of the brace, the device fit seamlessly into the commercial leg brace. This proved to be a better option than superposing the device onto the brace, as it left the adjustability intact and reduced weight.
Further improvements are possible for better utilization of the device. The resistance setting of the current device is manually controlled using a linear slider. In the future, simple extensions to the design could be used to realize a computer-controlled resistance, with resistance programmed to be a function of time, gait kinematics, or muscle activations. For example, a small motor in conjunction with microprocessor control could be added to modulate the area of the magnet exposed on the aluminum disc. Besides keeping the device passive (as the motors would not directly act on the subject's leg), it would also enable the therapist to modulate the resistance levels dynamically based on a subject's rehabilitation needs. Moreover, bidirectional resistance may not be appropriate for all patient groups, such as those that have muscle imbalances across a joint. The addition of computer control or even a simple ratcheting mechanism, where the disc could be engaged and disengaged based on the direction of the movement, would enable the device to provide unidirectional resistance. This would allow the device to resist the weak agonist while not loading the stronger antagonist.
A key limitation of this study is that some of the kinematic changes observed may have been due to marker movements and kinematic model (relative to a vertical pelvis/trunk) used in this study. However, prior research indicates that sagittal plane motions are less affected due to marker movements and sagittal plane pelvic motions are minimal (<2°) during normal gait. 2, 6 Thus, we believe that the changes observed in this study are much larger than the anticipated errors due to marker movements and kinematic model. Future research should consider incorporating a better kinematic model and 3D camera system to elucidate fully the biomechanical effects of the device on the wearer, particularly when testing patient population.
In summary, we fabricated a lightweight yet high torque eddy current brake and packaged it into a commercially available knee brace to create a wearable device that is capable of providing resistance across the knee joint for functional strength training. We also showed that the device increased muscle activation in many of the key muscles used in gait. Further, we demonstrated that a brief period of training with the resistive device induced positive kinematic aftereffects in both the hip and knee joints. These results demonstrate that the resistive device described in this study is a feasible and promising approach to actively engage and strengthen the key muscles used in gait. However, further testing in an injured population is warranted to determine the therapeutic benefits (e.g., strength, coordination, and neural plasticity) that could emerge from this unique application of functional strength training.
